The selection of long air bubbles propagating in a strongly collapsed fluid-filled elastic tube is investigated experimentally in a benchtop model of airway reopening. Localised regions of strong collapse are likely in the lung, because collapsing fluid-elastic instabilities promote extensive deformation of the airway cross-section beyond the point of opposite wall contact. We find that radical changes in the reopening mechanics occur at this point.
Introduction
The initial opening of airways with a newborn's first breath occurs through the propagation of a long air bubble. The rapid removal of the majority of fluid in the lungs prior to birth suggests that the airways are in a strongly collapsed initial state (Bland 1991) .
Many pulmonary conditions also promote the collapse and occlusion of parts of the lung with viscous fluid, so that mechanical ventilation is required to restore gas-exchange (Grotberg 2001; Grotberg & Jensen 2004) . Although the collapse of airways in diseased lungs has not been documented quantitatively, dynamic models of airway collapse find that airway closure occurs on timescales similar to the breathing cycle through fluid-experimental parameter values. This gives an indication of the robustness of the peeling solution, and suggests that our findings may also be relevant to a wider range of σ up to pulmonary airway values.
The combined effects of gravity and of the supporting rigid plate induce an asymmetry in the reopening tube about its horizontal mid-plane. Juel & Heap (2007) found an approximately constant rise in bubble pressure at moderate levels of collapse (A/A 0 = 0.38) compared with zero-gravity three-dimensional simulations, and this rise was consistent with two-dimensional results on asymmetric reopening (Jensen et al. 2002) and twodimensional simulations of the effect of gravity . The influence of gravitational forces on the reopening dynamics decreases with increasing level of collapse, as the thickness of the liquid lining in the tube is reduced. The Bond number, Bo = ρgδ 2 /(4σ * ), which measures the ratio of gravity to surface tension forces based on the film thickness δ takes uniformly small values in the range 0.03 ≤ Bo ≤ 0.07 for 0.02 ≤ A/A 0 ≤ (A/A 0 ) owc compared with Bo = 0.5 for A/A 0 = 0.41. Furthermore, the effect of inertial forces is negligible over the range of parameters investigated here (Juel & Heap 2007; Hazel & Heil 2006) .
We build on the recent findings of Heap & Juel (2008) , who uncovered three novel types of bubbles that propagate steadily in the limit of strong tube collapse. Beyond opposite wall contact (A/A 0 ≤ (A/A 0 ) owc ), the canonical parabolic-tipped bubble is replaced by "asymmetric", "double-tipped" and "pointed" bubbles. These multiple bubbles are associated with a discontinuous relationship between bubble pressure and speed, in contrast with the continuous P -Ca relationships that characterise the reopening of less collapsed tubes (A/A 0 > (A/A 0 ) owc ). The asymmetric bubbles, whose tips are displaced from the centre of the tube into one of the side-lobes, are also selected for a small range of A/A 0 > (A/A 0 ) owc , and sufficiently large values of Ca.
The pointed bubble is particularly puzzling as it exhibits a cusp-shaped protrusion reminiscent of free-surface entrainment flows (Lorenceau et al. 2003) , and of the freesurface cusps (Courrech du Pont & Eggers 2006) and tips (Cohen & Nagel 2002 ) that can be formed when withdrawing fluid through a small orifice. Bubbles with a pointed tip also arise in displacement flows of two miscible liquids in rigid tubes (Petitjeans & Maxworthy 1996; Kuang et al. 2004) for small bubble speeds. The recirculation flows ahead of the bubble responsible for focusing the interfacial flow also occur in immiscible two-phase displacements at low Ca (Hazel & Heil 2002) . However, in Hazel & Heil's (2002) simulations, the recirculations did not draw out a pointy tip due to moderating surface tension forces.
Minimal liquid bridges in strongly non-axisymmetrically buckled tubes form doubletipped bubbles, as shown numerically by Heil (1999) . His static calculations (Ca = 0)
were performed by imposing a reflection symmetry about the vertical mid-plane parallel to the tube, so that asymmetric bubbles could not be investigated. The symmetry about the vertical mid-plane of long bubbles propagating in rigid geometries can be broken by stretching thin wires centrally inside the vessel, parallel to the flow direction. By perturbing the free rise of a bubble in this way, Fearn (1988) observed the supercritical symmetry-breaking of the bubble tip as the diameter of the centred wire was increased,
with an associated increase in the gravity-driven bubble velocity. In the Hele-Shaw geometry, two symmetrically located wires were required for a sudden jump to an asymmetric state to occur with increasing Ca. In both configurations, the wire pierced the bubble tip, thus opening a negative angle at the contact point that varied with wire thickness in the first case, and local finger slope via changes in Ca in the second (Hong 1988 ).
In our airway reopening model, the free surface of the bubble is not perturbed, but the bubble propagation is constrained by the extensive initial deformation of the tube, which is effectively split into two separate channels beyond the point of opposite wall contact.
The aim of this paper is to investigate how tube deformation affects the reopening mechanics. In so doing, we will characterise the transitions between the different bubbles in order to gain insight into the bubble selection mechanisms in the limit of strong tube collapse. The experimental apparatus is described in §2.1 with a particular emphasis on bubble visualisation and reproducibility. 
Experimental methods

Description of the apparatus and experimental procedure
The main features of the experimental apparatus shown schematically in figure 1 , are similar to those described in detail in Juel & Heap (2007) . Therefore, only essential details are recalled here, but advances in bubble visualisation are highlighted in §2.1.1, and the improved reproducibility following the change of working fluid to paraffin oil is discussed in §2.1.2.
A 1.0 m long piece of translucent extruded silicone tubing (Primasil Silicones Ltd) filled with liquid was positioned on an accurately levelled solid base plate, whose vertical position was held fixed. The base plate was mounted rigidly beneath a facing parallel plate on a vertical translation stage, whose purpose was to collapse the tube mechanically prior to each experiment. The tubing had an inner radius R = 4.99 ± 0.16 mm and a wall thickness h = 0.57±0.08 mm. A manual two-way valve was connected to the downstream end of the tubing. At the upstream end, a three-way pneumatic solenoid valve was used to switch the gas flow from exiting into the atmosphere to entering the tube at the start of each experiment. The flow source was a compressed nitrogen cylinder, whose flow rate was controlled manually by a fine needle valve, and monitored accurately using a mass airflow meter (AWM5000, Honeywell) to range between 50 and 1400 cm 3 min −1 .
The flow rate set prior to each experiment could be replicated to within 3%. At 1400 to the atmosphere. The small pressure drop that occurred along the rigid line between the sensor and the inlet of the elastic tube to be reopened, increased with flow rate and was systematically subtracted in order to yield measurements of the pressure inside the elastic tube.
After carefully filling the tube with liquid following the procedure described in Juel & Heap (2007) , the upper plate of the translation stage was lowered onto the tube in order to collapse it. When the tube was slightly compressed, the downstream valve was opened to evacuate the excess liquid. The position of the upper plate was adjustable to within 0.02 mm, which was less than 2% of the height of the collapsed tube. Once the desired level of collapse had been reached, the two-way valve was closed to prevent air re-entering the tube. The upper plate was subsequently raised to an adequate height to enable the filming of the reopening process. The tube rapidly relaxed into its equilibrium dumbbell shape, which consisted of two end lobes separated by a thinner central region (see figure 4 ). After the tube had been filled and collapsed, the solenoid valve was where the height of the tube departed from its initial collapsed state was determined to within two pixels, resulting in a relative error on the bubble velocity of less than 2%. The side-view camera also captured top-view images of the advancing bubble, which were reflected by a float glass mirror positioned directly above the tube at an angle of 45
• .
The visualisation section was illuminated from below with a strip of white LEDs, whose This image gives a top-view of the propagating bubble.
brightness could be adjusted. They were chosen for their small heat generation, so that they did not affect the temperature of the fluid on experimental timescales.
The images from the side and aerial-view cameras were combined using an image inserter (Kramer, , and sampled simultaneously onto a personal computer at a rate of 25 frames/s. A typical snapshot of a reopening experiment is shown in figure 3 .
The image in the bottom left-hand corner is from the aerial-view camera, and depicts a reopened tube captured after the passage of the bubble. The long side-view and topview images of the tube, displayed in the remainder of the image, show a bubble that
propagates from right to left. The side-view picture reveals the profile of the tube in the transition region between collapsed and reopened states, but the bubble itself is almost undetectable. However, the outline of the bubble is visible in the mirror-reflected topview. Edge detection was performed reliably on many of these top-view bubble images, despite the limited image contrast and sharpness due to unavoidable light scattering by the translucent (semi-opaque) tube. Indeed, although lighting from below resulted in the strongest contrast, it also led to undesirable reflections from the mirror and the tube, which could mask the bubble locally.
Choice of fluid
Paraffin oil (Lloyds pharmacy) was chosen as the working fluid instead of silicone oil used by Juel & Heap (2007) . Silicone oil, which has the advantage of commercial availability in a wide range of viscosities, was found to permeate into the the wall of the tubing on short timescales of approximately three hours. Thus, only six consecutive experiments could be performed on the same section of tube, in order to ensure minimal changes to its elastic properties and the reproducibility of the results. With paraffin oil, the elastic properties of the tube were altered less rapidly, thus enabling the less frequent replacement of the silicone tube (every three days), with up to 240 experiments performed on the same section of tube. By avoiding the replacement of the tube during carefully planned parameter studies, the maximum standard deviations of bubble pressure and Ca (calculated from five repetitions of the experiment) were reduced by factors of four and two, respectively, to ∆P = 3 and ∆Ca = 0.05. The main source of experimental uncertainty was attributed to the manipulations involved in the replacement of the tube, rather than long range variations in the properties of the tube. Also, although paraffin oil did not wet the tube perfectly (a contact angle of 55±3
• was measured in the laboratory), film de-wetting effects were not observed during the propagation of the bubble. Moreover, the different types of bubbles presented in this paper were also found in experiments with silicone oil, which fully wets the tube. The dynamic viscosity µ, density ρ and surface tension σ * were measured at the laboratory temperature of 18 ± 1 • C to be:
, and σ * = 2.9 × 10 −2 N m −1 .
Collapse of the elastic tube
The relationship between the transmural pressure (pressure inside the tube relative to atmospheric pressure) and the cross-sectional area of the tube is shown in figure 4 . This "tube law" was obtained by injecting air at 50 cm 3 min −1 into a fully collapsed empty tube. The tube reopened slowly and uniformly along its entire length, so that its dimensionless cross-sectional area, A/A 0 , was proportional to the time elapsed, as described by Juel & Heap (2007) . The range of A/A 0 investigated in this paper is delimited with 
is the range of initial tube collapses of interest in this paper, the tube is almost totally collapsed, and large reductions in inner pressure yield only small reductions in A/A 0 . The bending stiffness, K, was determined by rescaling the pressure of opposite wall contact with the thin-shell theory predictions of Flaherty et al. (1972) to be K = 173 ± 4 N m −2 , so that the ratio of surface tension to elastic forces was σ = σ * /(KR) = (3.4±0.3)×10 −2 .
Measurement of A/A 0
For the reopening experiments, the fluid-filled tube was collapsed by compressing it between parallel plates as described in §2.1. The cross-section adopted a strained configuration that was approximated by a rectangle with spherical caps, as illustrated in Juel & Heap (2007) . As the cross-section retained a constant perimeter, its inner surface area could be calculated based on the separation between the compressing plates, H, to be given by
where R is the inner radius of the tube, h the wall thickness. This relation gives values 
Results
Phase diagram
The results of nine-hundred experiments are summarised in figure 5 in a phase diagram in the Ca -A/A 0 parameter plane. The main bubbles reported by Heap & Juel (2008) (symmetric, asymmetric, double-tipped and pointed) are found in regions that are demarcated by the shaded areas. Bubbles that were symmetric about the vertical mid-plane of the tube were only observed over the entire range of Ca at moderate tube collapse, A/A 0 > 0.26. These parabolic-tipped bubbles, denoted by upward triangles in the phase diagram of figure 5, are similar to the peeling bubble predicted by the three-dimensional numerical simulations of Hazel & Heil (2003 , and observed by Juel & Heap (2007) A Heap & Juel (2008) are found (symmetric, asymmetric, double-tipped and pointed bubbles). In addition, long bubbles were observed in the limit of very strong collapse, A/A0 ≤ 0.04 and bubbles that switched between two states during one experiment at fixed parameters, were found in narrow regions at the boundaries between asymmetric and double-tipped states and between double-tipped and pointed states.
for A/A 0 = 0.38. When the tube was collapsed more strongly but not so much as to reach the first point of opposite wall contact ((A/A 0 ) owc < A/A 0 ≤ 0.26), symmetric bubbles were only selected in the limit of small Ca. As Ca increased, the symmetry about the vertical mid-plane of the tube was broken and the tube reopened via the propagation of increasingly asymmetric bubbles. When the tube was collapsed further than the first point of opposite wall contact (0.04 < A/A 0 ≤ (A/A 0 ) owc ), asymmetric bubbles, doubletipped bubbles, and pointed bubbles were successively selected as Ca was increased for a given value of A/A 0 . Symmetric bubbles, however, were not found for A/A 0 < (A/A 0 ) owc .
As discussed by Heap & Juel (2008) , both asymmetric and double-tipped bubbles initiate the reopening of the tube in the lobes, whereas the pointed bubble exhibits a thin precursor finger that reopens the central part of the cross-section, where the upper and lower tube boundaries are in contact, rather than the side lobes. These distinct reopening processes are analysed in §3.2 and 3.3.
Occasionally, a double-tipped bubble would form initially, and then switch to an asymmetric bubble during the course of a reopening experiment where the parameters were held fixed. These observations are recorded with white pentagrams in the phase diagram of figure 5, and form a narrow region of bi-stability between the parameter regions where asymmetric and double-tipped bubbles are selected. The switch was accompanied by a small pressure drop and an associated rise in Ca that took place over typically less than 20% of the experimental run time. Observations were also made of the occasional switch from pointed to double-tipped bubbles within an experiment, and these are marked with black crosses in figure 5 . The associated rise in pressure and drop in Ca were approximately five times larger than for the switch from double-tipped to asymmetric bubble (see §3.2). These relatively sudden but important changes in bubble properties suggest an exchange of stability between different states (see §3.3).
Novel types of bubbles encountered in the limit of very strong collapse, i. with the numerical predictions of Hazel & Heil (2003) , who found that it was easier to reopen a more collapsed tube because less work was required to redistribute fluid in the tube, the smaller the cross-sectional area ahead of the finger. As A/A 0 → (A/A 0 ) owc , the pressure curves tend toward a saturation curve, which is reached for A/A 0 = 0.26 to within experimental uncertainty. This saturation curve was characterised in further detail by gathering a more extensive set of data for A/A 0 = 0.26, which is shown in figure   7 (a). Five experiments were performed at each value of Q, and each individual result is included in the figure. Thus, we have not included error bars on these measurements, but the modest scatter gives a measure of the excellent reproducibility of the experiments with paraffin oil, with average errors less than ∆P = 3 quoted in §2.1.2. Note that the section of tube used for these experiments was different from that of figure 6 , and that as a result, the minimum pressure recorded at Q = 50 cm 3 min −1 was reduced by approximately 15 units on the capillary scale. In figure 7(a) , the pressure remains constant at P = −94 ± 2 for Ca ≤ 0.8, and grows monotonically beyond this point. In the region of constant pressure, top-view snapshots indicate the narrowing of the bubbles with increasing Ca, so that a thicker liquid film is left behind on the tube walls after the passage of the bubble tip, similarly to two-phase displacement flows in rigid capillary tubes (Taylor 1961; Bretherton 1961) . However, the width of the bubble reaches an approximately constant threshold for Ca > 0.8, which coincides with the onset of pressure growth.
The bubble pressure and capillary number are both influenced by the continuous change in bubble shape from symmetric to strongly asymmetric (see §3.3.1). Small reductions in Ca are apparent in figure 6 in the data measured at Q = 700 and 1000 cm 3 min
when A/A 0 decreases. These reflect the propagation of increasingly asymmetric bubbles.
While for symmetric bubbles, the dependence of Ca on Q is simply linear, the rate of increase of Ca with Q slows as the tips of the asymmetric bubbles increasingly deform. This is accompanied by an associated growth in bubble pressure, which is consistent with the constant value of Q imposed in each experiment, and translates to a small change in the overall form of the P − Ca curves in figure 6 as A/A 0 → (A/A 0 ) owc .
A/A
In figure 7(b), P -Ca data are presented for A/A 0 = 0.13 (black symbols) and A/A 0 = 0.05 (grey symbols), which were measured on the same section of tube as the data in figure 7(a). As in figure 7(a), five experiments were performed at each value of Q. We chose not to average the results as in Juel & Heap (2007) , so that qualitative differences could be identified between the different types of bubbles that were occasionally found for the same value of Q. For these levels of initial collapse, asymmetric, double-tipped and Ca, so that the transition between these states cannot be detected from the pressure measurements alone. The pressure of the pointed bubble, however, is systematically lower, but grows with Ca at the same rate as that of the two other bubble types. Thus, it lies on a disconnected curve, which is approximately parallel to the pressure curve that includes the asymmetric and double-tipped data. Moreover, the maximum values of Ca for which asymmetric and double-tipped bubbles were observed, both decrease when A/A 0 is reduced as seen in figure 7(b), and these transitions are discussed in §3.3. Note that even in this limit of almost complete collapse, a pressure step remains between the double-tipped and pointed bubbles, which is five times larger than the average error on the pressure of ∆P = 3 (see figure 8 ). The long fingers described in §3.1 were observed for Ca < 1. They are associated with scatter in the pressure data, which is slightly larger than the average error on the pressure. This is attributed to the considerable variation in the length of their precursor finger discussed in §3.1. as Ca was increased, as illustrated in figure 10 . In the set of experiments shown in figure   10 , a symmetric bubble was only observed for Ca = 0.1, the lowest value investigated.
In order to quantify the asymmetry, the aerial image of the bubble tip was separated into two regions by an axial line originating at the most advanced point on the bubble.
The bubble tip was delimited by a transverse line located 11.2 mm behind the apex of the bubble, which was positioned to include all the features of the tip over the range of Ca investigated. As shown in figure 10, S 2 (S 1 ) is the area of the tip-region that grows (shrinks) with increasing asymmetry. The measure of the asymmetry, β, was defined as 0 ≤ β = S 2 /(S 1 + S 2 ) − 0.5 < 0.5, where the subtracted value of 0.5 corresponds to the normalised value of S 2 for a symmetric bubble.
The variation of β with Ca is shown in figure 11 . to the asymmetric one through a pitchfork bifurcation. Although only the upper branch of the pitchfork was obtained at A/A 0 = 0.26, both right and left hand-side propagating bubbles were found for other levels of collapse (see figure 12) , suggesting the existence of a lower branch of the pitchfork, which would be disconnected due to imperfections.
The bubble asymmetry is closely associated with the non-uniform shapes of the collapsed cross-sections, which are illustrated in figure 4 for decreasing values of A/A 0 . The shear stresses in the lobes are smaller than in the more collapsed central part of the cross-section, and thus the bubble tip deforms to promote propagation in either of the two lobes. This mechanism has been verified in rigid tubes with a partially occluded cross-section that is symmetric about the vertical mid-plane, and similar asymmetric bubbles are observed for increasing Ca (Juel 2008 ).
Asymmetric to double-tipped bubbles
In figure 12 , a series of top-view snapshots of the propagating bubble for 0.2 ≤ Ca ≤ 1.0 illustrates the evolution of the asymmetric bubble and the transition to double-tipped bubbles at A/A 0 = 0.13. Five experiments were performed at each flow rate and the pictures in figure 12 were selected to show that the bubble could propagate down either The radical change in bubble shape at the transition between asymmetric and doubletipped bubbles was all the more unexpected, given that the transition could not be identified from the pressure data shown in figure 7 . The side view snapshots in figure   13 show an asymmetric bubble (Ca = 0.9) and a double-tipped bubble (Ca = 1.0) that were both obtained at Q = 300 cm 3 min −1 . The length of the reopening region and the height of the reopened tube are similar in both cases to within experimental error, confirming the similarities of these two reopening processes. The area of the free surface The double-tipped finger is unstable when the tube reopens to a height less or equal to the height at which the fingers would merge.
of Ca beyond which pointed bubbles are found, so that the range over which doubletipped bubbles are observed does not vary significantly.
A comparison between the side views of tubes reopening with double-tipped bubbles at Ca = 1.0 and Ca = 2.7, respectively, is shown in figure 15 for A/A 0 = 0.13. In contrast with the shortening of the reopening region at moderate levels of collapse (Juel & Heap 2007) , the length of the reopening region remains approximately constant as Ca increases, so that it only steepens as the tube is increasingly reopened to greater heights. finger overcomes large shear forces by infiltrating the most collapsed region. The pointed bubbles observed by Petitjeans & Maxworthy (1996) in miscible displacement flows with small bubble velocities are associated with the presence of recirculations ahead of the bubble that draw out fluid in the centre of the tube. We could not ascertain whether flows recirculations were responsible for focusing the interfacial flow into a pointed bubble, as we were unable to visualise the flow directly. However, whereas asymmetric and double-tipped bubbles can form in rigid tubes with non-uniform cross-sectional shapes (Juel 2008; Heil 1999) , the infiltration of the pointed bubble tip into the most collapsed region where shear forces are largest is unlikely in rigid tubes. Thus, we speculate that the formation of pointed bubbles is inherently linked to the reopening process.
Conclusion
We have presented the results of an investigation into the selection of reopening bubbles, which propagate into a strongly collapsed benchtop model of airway reopening. A recent review of the modelling of airway collapse suggests that extensive collapse featuring opposite wall contact may be widespread in the lungs, particularly in the peripheral airways. The non-dimensional surface tension of these vessels is quoted to be σ = 50 (Hazel & Heil 2003) , which is more than two orders of magnitude larger than in the case of our relatively stiff experimental tube. Yet, the robustness of the peeling solution simulated for moderate initial collapse over this wide range of σ suggests that our findings may be relevant to pulmonary reopening processes.
We find that the level of collapse at which opposite wall contact first occurs within the tube cross-section is a critical threshold beyond which the reopening mechanics change qualitatively. For dimensionless cross-sections A/A 0 ≤ (A/A 0 ) owc = 0.18, the canonical parabolic-tipped peeling bubble is replaced by "asymmetric", "double-tipped" and "pointed" bubbles. For near-complete collapse, A/A 0 ≤ 0.04, two further types of bubbles are observed: "long asymmetric" and "long double-tipped", which are both defined by the long precursor finger that propagate within one of the lobes without affecting the opposite wall contact of the cross-section.
The super-critical breaking of the bubble symmetry about the vertical mid-plane is observed for collapsed cross-sectional areas as large as A/A 0 = 0.26, at which the opposite walls of the collapsed cross-section are not in contact. The resulting asymmetric bubbles may impact the dynamics at airway bifurcations, leading to the preferential reopening of one daughter vessel over the others. Double-tipped bubbles are formed instead of asymmetric ones when the tube reopens to a height at least equal to the height at which precursor fingers merge into the main bubble. In turn, the double-tipped bubble disappears beyond a critical steepness of the reopening region. It is replaced by the pointed bubble, which is a faster bubble of significantly lower pressure. This pointed bubble may be relevant physiologically, as closed airways must be reopened quickly without damaging the fragile tissues that line them.
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